Abstract East-African mountain forest species often occur in small and isolated populations, whereas species inhabiting the dry lowland savannahs exist in large and interconnected population networks. Taxa with closely related highland and lowland species, such as the EastAfrican White-eye birds, allow testing for the potential effects of the two contrasting distribution patterns, mountain disjunction versus lowland panmixia. In this study, we compare the population genetic and bioacoustic differentiation of two representatives of the genus Zosterops: Zosterops poliogaster is exclusively found in forests at higher elevations; in comparison, Zosterops abyssinicus, only occurs in the dry and warm lowland savannahs. Both species were analysed across a similar geographical scale. Population genetic differentiation was inferred using the same set of 15 polymorphic microsatellite loci for both species. In addition, we quantitatively analyzed bioacoustic traits. Both data sets indicate a strong population differentiation among populations of the highland species, but an absence of differentiation in the lowland species. In addition, the lowland Z. abyssinicus was characterised by a twofold higher genetic diversity than detected for the highland Z. poliogaster. These two contrasting intraspecific population structures may reflect the opposite ecology and distribution of these species: the strong population isolation of Z. poliogaster resulting from long-term restriction to the cool and moist mountain forests at higher elevations has led to strong differentiation among local populations and resulted in a comparatively low level of intraspecific variability. In contrast, population panmixia in the lowland Z. abyssinicus provides a high level of gene flow allowing the maintenance of high genetic diversity and avoiding strong population structuring. These findings need to be considered when planning conservation actions.
Introduction
The mountain cloud forests of the Eastern Afromontane biodiversity hotspot provide a heterogeneous habitat consisting of a mosaic of moist and cool highland archipelagos and highly disjunct cloud forest patches surrounded by dry and warm lowland savannah (White 1978; Burgess et al. 2007) . The biota of the cloud forests are characterised by long-term geographic isolation and have experienced relatively stable climatic conditions (Fjeldså and Lovett 1997; Measey and Tolley 2011; Tolley et al. 2011 ). These two factors have supported the accumulation of a large number of endemic species, often being restricted to single or few mountain ranges (Rodgers and Homewood 1982; Burgess et al. 1998; Ehrich et al. 2007 ). In contrast, the lowland savannah provides a large and interconnected habitat situation-and thus an opposite habitat scenario.
Long lasting isolation of populations often results in strong differentiation patterns (Endler 1982; Hendry et al. 2000; Smith et al. 2001; Nosil 2012) . Such differentiation can be driven either by stochastic or directional processes. Neutral genetic drift for example strongly depends on the restriction of gene flow and plays a larger role when population sizes are small. Such populations are typically characterized by low levels of variability and high differentiation of isolated populations is common (reviewed in Habel et al. 2013a) . Apart from stochastic processes, differences in the local selective environment (e.g. diverging habitat structures, predators, species interactions) may lead to local adaptation even in the face of ongoing gene flow (Danley et al. 2000) . Divergent local selection is largely independent of the size of a population and can lead to strong population differentiation (Nosil 2012) . Drift might be an important factor in the isolated mountain populations with rather small effective population sizes (Habel and Husemann, unpublished data) . In contrast, random processes likely play a rather limited role in the lowland species, as high population sizes and high rates of gene flow prevent intraspecific differentiation.
In this study we investigate the effects of the two different habitat distribution types-disjunction and interconnectivity-on the intraspecific differentiation patterns of two bird species. Two representatives of the genus Zosterops serve as our model taxa: while the lowlandinhabiting Abyssinian White-eye Zosterops abyssinicus has a fairly continuous distribution across the widespread savannahs, the highland-dwelling Mountain White-eye Zosterops poliogaster occurs in very isolated mountain forest patches. We used an identical set of polymorphic microsatellites for both species and analysed characteristics of the sonograms of their contact calls to test for potential intraspecific signatures of these two contrasting distribution settings. Based on this multi-marker approach we test the following hypotheses:
(i) The interconnected populations of the lowland savannah species are genetically diverse accompanied by a lack of intraspecific differentiation. (ii) The isolated mountain populations of Z. poliogaster are genetically distinct and exhibit low genetic diversity as a result of small isolated populations.
(iii) The genetic and acoustic patterns are concordant.
Materials and methods

Study species
The genus Zosterops is known for its high speciation rates and great colonization potential (Warren et al. 2006; Moyle et al. 2009; Melo et al. 2011; Oatley et al. 2012) . In East Africa the genus occurs with several species with divergent ecology, some restricted to cloud forests whereas others occur mostly in savannah habitats (Redman et al. 2009 ).
Zosterops poliogaster, also known as the Mountain Whiteeye, is restricted to evergreen cloud forests at higher elevations in East Africa (e.g. in the Taita Hills from 850 to 1,700 m, Mulwa et al. 2007 ). The species can be found from Eritrea and Somalia in the north to Tanzania, e.g. in the highlands of Ethiopia, in the high mountain systems of Kenya, in the Eastern Arc Mountains of northern Tanzania, and on Mt. Elgon in Uganda (Zimmerman et al. 1996; Redman et al. 2009 ). It requires moist and cool climatic conditions, which has led to a highly disjunct geographic distribution. This caused the evolution of various morphologically distinct, locally endemic population clusters (Borghesio and Laiolo 2004; Mulwa et al. 2007; Redman et al. 2009 ). The closely related lowland species Abyssinian White-eye Z. abyssinicus is widely distributed across the dry savannahs of East Africa and can be easily distinguished from Z. poliogaster by various morphological characters, especially a much smaller eye ring size and yellower plumage coloration (Redman et al. 2009 Table 1 . Sampling sites are displayed in Fig. 1 .
Molecular data
Individuals were captured with mist nets and ringed individually during 2009-2012. Blood samples were taken from the birds 0 brachial vein using a sterile needle and a 20 ll capillary. Blood was stored in pure ethanol and frozen at -20°C until DNA extraction. Alternatively we extracted DNA from feathers. DNA extraction, PCR procedure and fragment length detection was performed for both species as described in Habel et al. (2013b) . We analysed the same 15 polymorphic microsatellites for both species (ZL44, ZL41, Cu28, ZL18, ZL50, ZL49, ZL14, ZL22, ZL45, Mme12, ZL35, ZL04, ZL54, ZL37, ZL2) for a total of 257 individuals from 10 sites. Sample sizes ranged from 9 to 35 individuals per population, with a mean number of 25.7 individuals per population. Some of the molecular data were taken from a previous study (Habel et al. 2013b, indicated in Table 1) .
The microsatellite data were tested for distortion through stutter bands, large allele dropout or null alleles (Selkoe and Toonen 2006) using Microchecker vers. 2.2.3 (Van Oosterhout et al. 2004) . Parameters of genetic variability including mean number of alleles A, percentage of expected heterozygosity H e , percentage of observed heterozygosity H o , tests of Hardy-Weinberg equilibrium (HWE), and linkage disequilibrium were calculated with Arlequin vers. 3.1 (Excoffier et al. 2005) . Allelic richness (AR) based on the lowest number of individuals sampled (here on 9 individuals) was calculated with Fstat vers. 2.9.3.2 (Goudet 1995) . We further calculated the percentage of private alleles (AP) being restricted to single mountain areas for Z. poliogaster, and individual populations of Z. abyssinicus.
Structure vers. 2.3.3 (Pritchard et al. 2000) was used to infer the most probable number of genetic clusters for both species separately. For each species the total number of populations was defined as the maximum number of clusters (K = 8 for Z. poliogaster, K = 2 for Z. abyssinicus). We used the batch run function to carry out a total of 80 runs (10 each for one to 8 clusters, i.e. K = 1 to K = 8) for Z. poliogaster, which allowed us to quantify deviations among multiple different runs for a fixed K and to calculate means and standard deviations. For Z. abyssinicus we carried out a total of 20 runs (10 each for one to two clusters, i.e. K = 1 to K = 2). For both species the burn-in and simulation length were 150,000 and 500,000 iterations respectively. Since the log probability values for the different K values were shown to yield inaccurate numbers of genetic clusters in some cases, we calculated DK (Evanno et al. 2005) to infer the most likely number of groups (Kalinowski 2011) . Analyses of molecular variance (AMOVAs) were carried out using F-statistics as well as the microsatellitespecific R-statistics (Slatkin 1995) . For the mountain forest species Z. poliogaster we conducted hierarchical variance analyses using pre-defined clusters, according to our Structure results (highest clustering probability for K = 4, see results) and according the five mountain isolates where Z. poliogaster was collected (Taita Hills (Mt. Kasigau), Taita Hills (Chawia, Ngangao and Mbololo), Chyulu Hills, Aberdares, Mt. Kulal). For the lowland Z. abyssinicus we analysed the genetic differentiation between the two local populations. Genetic distances were calculated using the Cavalli-Sforza and Edwards (1967) algorithm implemented in ARLEQUIN.
To test the level and direction of gene flow among locations and genetic clusters we used BayesAss vers. 1.3 (Wilson and Rannala 2003) . This programme relies on multi-locus genotypes and a Markov Chain Monte Carlo (MCMC) algorithm to estimate proportions of nonmigrants and the source of migrants for each sampling site (Wilson and Rannala 2003) . We performed runs of the algorithm with 9 9 10 6 iterations; 3 9 10 6 iterations were discarded as burn-in. Delta values of m = 0.30, P = 0.15, and F = 0.15 yielded an average number of changes in the accepted range. We tested for potential gene flow among all sampling sites including both taxa.
Bioacoustics
Contact calls of foraging bird flocks of both study species were recorded during February-April in the years 2010 and 2013 using a Sennheiser ME67 directional microphone (Sennheiser, Hanover, Germany). The frequency curve 3 was selected to filter lower frequencies during recording. A digital Zoom-H4 recorder was used to save the calls. Microphone and recorder were linked with a Sennheiser K6CL Speisemodul. The input level of 100 % was operated manually and not changed during recording. Contact calls of the birds are known to be used for maintaining flock structure, as well as for mate recognition (Robertson 1996; Kondo and Watanabe 2009) . We recorded at a distance of approximately five meters between microphone and bird flocks. Individuals mostly emit these calls in series and regular intervals. As both species generally occur in large flocks (sizes ranging from few individuals to some tens), and often multiple individuals emit calls simultaneously, our dataset may contain some repeated recordings from the same individuals. Calls were recorded between 6:00 a.m. and 6:00 p.m. for a period of 3 days at each site. Recordings were saved as stereo wav-files.
We selected high quality calls using Praat vers. 5.2.15 (Boersma 2002 ) and excluded recordings affected by strong background noise from further analyses. After quality control, a total of 1997 bird calls were kept for further analyses (a mean of 154 calls per site (±92 SD), ranging from 17 to 345 calls per site, Table 1 ). For each call we measured the following characters: Starting frequency (sometimes identical to lowest frequency), first peak (sometimes identical to highest frequency), end frequency (sometimes identical with lowest frequency), highest and lowest frequency, total length (duration) of each call and the frequency range (by subtracting the lowest frequency from the highest frequency). The scoring of sonograms was performed blind to site (i.e. population) and species and was done by the same person (JCH). The Habel et al. (2013b) selected dynamic range (bit depth) was identical for all calls analysed. We used principal component analysis (PCA) and applied K-means clustering to group populations based on the six bird call characteristics (Ding and He 2004) . The resulting groupings were used to predefine units for subsequent one-way ANOVA and pair-wise post hoc Tukey tests on the six bird call characteristics. Furthermore, correlation between geographic distances and the similarity of bird calls were tested using a Mantel test. All statistical analyses were performed with Statistica vers. 7 (StatSoft, Tulsa, OK, USA).
Results
Molecular data
Genetic diversity strongly differs between the lowland and the highland species, with about twice the amount of genetic diversity found in the lowland species Z. abyssinicus when compared to the highland species Z. poliogaster. Within the mountain clusters of Z. poliogaster we detected the highest genetic diversity in the population from Aberdares, and the lowest values in the Taita Hills populations. Population specific values are given in Table 2 .
The DK values of the STRUCTURE analysis indicated the highest probability for a clustering into four groups (K = 4) for the highland species Z. poliogaster. The four clusters were in accordance with the following mountain isolates: Mt. Kulal, Chyulu Hills, Taita Hills (Chawia, Ngangao and Mbololo) and Taita Hills (Mt. Kasigau). The latter mountain isolate being geologically assigned to the Taita Hills showed a strong genetic admixture with individuals from the other parts of the Taita Hills (Fig. 2) . In contrast to Z. poliogaster, the lowland species Z. abyssinicus showed no genetic clustering. Structure plots for both species are shown in Fig. 2 . Probability values and respective DK for each K are given in Supplementary Material Appendix S1.
Analyses of molecular variance (AMOVAs) revealed that a similar portion of the total variance is explained by the differences between the highland Z. poliogaster and the lowland Z. abyssinicus (18.1769, R CT = 0.2868, p \ 0.0001) as is by the differences between local populations of the highland species Z. poliogaster (19.3574, R ST = 0.3958, p \ 0.0001; 0.9625). When applying AMOVA to the STRUCTURE results we found that much of the total genetic variance is explained by the divergence among the four clusters (24.8257, R CT = 0.4426, p \ 0.0001). We detected a weak, but significant genetic differentiation among the neighbouring Z. poliogaster populations analysed for the Taita Hills (including the forest patches Ngangao, Chawia, and Mbololo, the latter two separated only by a valley). No significant genetic differentiation could be detected between the two Z. abyssinicus populations (-1.3293, R ST = -0.0085, p [ 0.05). The detailed results are given in Table 3 , respective values obtained from F-statistics are given in Supplementary Material Appendix S2.
We detected low migration rates among the mountain populations of Z. poliogaster, but some gene flow within 
Bioacoustics
The first two axes of a PCA explained 43.0 % (PC1 call ) and 28.7 % (PC2 call ) of the total variance. PC1 call was highly correlated with the maximum frequency (r = 0.64) and differences in minimum frequency (r = 0.49) while PC2 call was correlated with the starting frequency (r = 0.54) and the lowest frequency (r = 0.55). ANOVA revealed significant differences in the total length of calls and in call frequencies (start frequency, highest frequency and range) between Z. poliogaster and Z. abyssinicus (Fig. 3) , (PC1, PC2, t test, p \ 0.001). PCA further indicated strong differences in the starting frequencies (scoring highest with PC2 call ) among local populations of both Zosterops species (Fig. 3) . Both analyses showed a high overlap in Z. abyssinicus call patterns among the 6 populations recorded (Fig. 3) . Pairwise posthoc Tukey comparisons of sites corroborated the PC clustering and showed that most Z. abyssinicus populations are not significantly differentiated in their calls (Table 4) . In contrast, we found significant differences among the local mountain populations of Z. poliogaster (ANOVA p \ 0.001) ( Fig. 3; Table 4 ). For Z. poliogaster, population differentiation in call patterns showed a strong correlation with the geographic distance (Mantel test r = 0.48, p \ 0.001). A main split was detected between the populations from Mt. Kulal and Aberdares which formed a group and individuals from the Chyulu Hills, Taita Hills (Chawia, Ngangao and Mbololo) and Taita Hills (Mt. Kasigau) (Fig. 3b) . This pattern is congruent with the main split derived from our molecular data. Further, the calls of Z. poliogaster showed a low variance within single populations. In contrast, the range of calls in Z. abyssinicus was comparatively broad. A Mantel test used to compare genetic distances and acoustic distances among populations did not show a significant correlation (r = 0.09, p [ 0.36). Pairwise distances (genetic and geographic) are given in Supplementary Material Appendix S3.
Discussion
The signatures of panmixia and disjunction
Our genetic and bioacoustic data indicate strong differentiation among local populations of Z. poliogaster from isolated mountains. These deep genetic and bioacoustic splits found in conspecific populations of Z. poliogaster even exceeded the level of divergence between the highland and lowland species. In parallel, the genetic and bioacoustic variability found within each population of Z. poliogaster is rather low. In contrast to these strong intraspecific signatures observed for Z. poliogaster, the lowland Z. abyssinicus showed a contrasting pattern: no differentiation neither genetically, nor bioacoustically, accompanied by high levels of intra-population variation (Table 5) . The genetic and bioacoustic patterns reflect the two opposite distribution settings of the taxa: the lowland species has a continuous distribution across the lowland savannahs. This suggests a panmictic or metapopulationlike structure with interconnected local populations. The high intraspecific variability is maintained in an interconnected population network (i.e. high rates of gene flow) of large populations. The opposite scenario applies to Z. poliogaster, where local populations show strong genetic and bioacoustic differentiation, but comparatively low levels of genetic and bioacoustic variability within single populations or groups. This might be the result of long term isolation at geographically separated mountain exclaves with rather small population sizes. The combination of population differentiation and low intra-population variation is a typical feature found in species with highly disjunct occurrences (Habel et al. 2013a ).
Complex differentiation patterns in Zosterops poliogaster
The bioacoustic and genetic differentiation patterns of Z. poliogaster differ from each other. While our molecular data showed no correlation between the genetic and geographical distance, the bioacoustic data showed similarities in geographically close populations, whereas geographically distant populations strongly differed from each other (Mantel test r = 0.48, p \ 0.001). Our genetic data revealed two main clusters within Z. poliogaster: the southern Kenyan populations including all Taita Hills populations (including Mt. Kasigau), and all other populations from the Central Kenyan Highlands, including northern Kenya. This split separates individuals from the Taita Hills from individuals from the Chyulu Hills, less than 60 km apart. In parallel, individuals from the Chyulu Hills are genetically similar to individuals from Mt. Kulal (more than 600 km distant). Yet, the population from the latter mountain massif shows similarities in their contact calls with individuals from the Taita Hills. The differences in genetic and acoustic differentiation patterns indicate that different evolutionary forces might drive their divergence. Assuming that the molecular markers used in this study represent neutral loci, the significant population differentiation of Z. poliogaster indicates that drift might play a strong role for their divergence. Long-lasting geographic isolation accompanied by comparatively small habitat sizes, and consequently population sizes, make populations more vulnerable to stochastic events and can lead to an accelerated fixation of alleles. Similar complex differentiation patterns on mountain islands were observed for other taxa in parts of the Eastern Afromontane region, e.g. in chameleons .
In turn, acoustic behaviour generally is considered to be under sexual or natural selection (Brooks et al. 2005) . The contact calls of Zosterops are known to serve as mate recognition character and social signal for maintaining flock structure (Robertson 1996) , and therefore might be under sexual or natural selection. However, if selection was the driving force of acoustic differentiation in this system one would expect that contact calls would be stabilized to ensure the recognition of conspecifics. Interestingly, in our system local populations strongly differ in acoustic traits. Therefore, it is possible that divergent ecological conditions might change the acoustic environment at a location leading to different local optima. However, if selection is not as strong on contact calls as expected or only specific acoustic parameters are under selection drift could explain acoustic population divergence as well. If drift as a random process acted on two different traits simultaneously one would expect divergent differentiation patterns, such as observed for Z. poliogaster.
Implementations for conservation
The lowland species seems to exist in a large and interconnected population network which guarantees species persistence and the maintenance of high and homogeneously distributed intraspecific diversity. For the longterm persistence of such species, the creation of single, large conservation areas are adequate. In contrast, the geographically disjunct distribution of the highland Table 5 Significance levels of post-hoc Tukey tests for a one-way ANOVA applied to the K-means classification of site membership based on the raw bird call data Site congener Z. poliogaster with various population groups representing unique molecular and bioacoustic characteristics restricted to single mountain massifs poses a conservation challenge (Moritz 1994) . To conserve the entire intraspecific variation, a large proportion of the distribution range has to be taken into consideration when integrating several small conservation areas (see the debate on adapted conservation strategies, the SLOSS-debate, Virolainen et al. 1998; Stockhausen and Lipcius 2001) . The preservation of such isolated and small populations might be further complicated due to ongoing deforestation in major parts of Kenya (Pellikka et al. 2009 ).
